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LOW TEMPERATURE CONTAMINATION MEASUREMENT
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INTRODUCTION

A need exists in contamination monitoring for a mass
monitor which is small in size, has monolayer coverage de-
tectability, is capable of operation to liquid Helium tempera-
ture and dissipates a minimum amount of power. As an
example, the testing of cryogenically cooled telescopes for
scattering effects produced by condensed contaminant on ¢
optical surfaces could use such a QCM in a correlation of
contaminant mass to system degradation. Development of
a Quartz Crystal Monitor (QCM) for such an application in-
volves consideration of the effect of crystal size and crystal
temperature on the all important parameters: crystal mass
sensitivity and maximum mass accumulation range. A con-
siderable body of data exists on these parameters at 25°C and
to a lesser extent to near liquid Nitrogen temperatures, but
very little data is available at liquid Helium temperature.
Additionally, low power dissipation electronics must be devel-
oped which not only operate at liquid Helium temperature but
which also have 'start up" capability after an extended cold
soak,

This paper describes the development of a miniature
QCM shown in Figure 1 that meets the above needs. The mass
sensitivity and the mass detectability are considered analyt-
ically and the crystal temperature coefficient and the mass
range are shown experimentally to be comparable to larger
QCM's operated at ambient (25°C) temperature.

SIZE EFFECT ON CRYSTAL PERFORMANCE

Mass Sensitivity

In crystals vibrating in thickness shear mode, changes
in frequency are directly related to changes in the plate
thickness,

af=at
f t t = crystal thickness

crystal resonant frequency
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o
For a crystal placed in a free molecular flux field, (m/A), the
change in material thickness on the crystal with time is,

At _ Am _f/A Pm = deposited mass density
A P A A+ o Ae = active crystal area or
AT PphAeaT Py electrode area

Since the thickness change is a function only of the unit
mass flux and the mass density, the material thickness in-
creases at the same rate regardless of the crystal size in a
given flow field and thus the frequency shift rate is the same.
The mass sensitivity relationship for crystals in thickness
shear vibration is,

Vtr Vt = transverse wave
Am _ Pm Z velocity in plate
- ——f'z__“
Therefore for the 10 MHz crystals used in this QCM
development, the theoretical sensitivity is,

S=4.43x10"7 Pm
Pq

2 pq = quartz density
gm/cm”-Hz = 2. 65 gm/cc

The criteria used in selecting the crystal frequency
was monolayer detectability. If, for instance, nitrogen is the
condensing gas of interest, monolayer surface coveragg repre-
sents 8. 1 x 1014 molecules/cm? or 3. 77 x 10~ gm/cm® as
calculated by the density method. The density of solid nitrogen
condensed from the gaseous state has been shown experiment-
ally (Reference 1) to be 0.9 gm/cc. Therefore 10 MHz crystal
sensitivity for solid nitrogen is,

Sy =1.5%1077

N,

gm/(:rn2 - Hz

o
The monolayer is 3. 75 A thick and,

Af/monolayer N, = 3.77 x 1078 _

—— 25.3 Hz
1.5x 107

Thus partial nitrogen monolayer coverage is easily measur-
able with 10 MHz crystals.

Mass Detectability

Unlike the condensate thickness relationship, the quan-
tity or mass of condensate collected per unit time varies
directly as the electrode area. Thus for the same frequency
shift, i. e., for the same condensate thickness increase, a
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smaller actual mass of condensate is collected as the crystal
electrode decreases in size,

Am = AftpmAe

The minimum mass detectable by a crystal for a given
minimum resolvable frequency shift will consequently be quan-
titatively less for crystals with the smallest electrodes.

In the case of a 1/2" diameter crystal with a 1/4"
diameter electrode, the mass required for a one hertz fre-
quency shift is 1.4 x 10-9 grams for mass density 2. 65 gm/cc
candensate whereas for a 1/4'" diameter crgstal with 0. 14"
diameter electrode, the value is 4.4 x 10-1 grams.

Mass Accumulation

Thickness shear mode crystals are usually chosen for
QCM work since the elastic damping of the deposited material
is minimized in this type of vibration. As deposition increases
however, a thickness is reached which does provide losses
greater than the circuit driving power and vibration ceases,
There are indications that this loss is a direct function of
thickness rather than total mass on the crystal in which case
the maximum mass accumulation will be independent of the
crystal size and depend solely on the Q of the oscillator cir-
cuit and the damping properties of the deposited material.
Since crystal Q is related to the plate diameter to thickness
ratio and thickness is specified for a desired frequency,
smaller crystals tend to have lower Q's. Therefore, there
may be a tendency to reduced collectible material thickness
before oscillation ceases. This important parameter was in-
vestigated experimentally and the results discussed in a later
section.

LOW TEMPERATURE OPERATION

Determination of mass deposition by observing crystal
frequency shifts implies either the elimination or the complete
understanding of all other crystal stress producing and thus
frequency shift producing parameters. These other parame-
ters include equilibrium temperature coefficient, crystal
mechanical mount and incident thermal radiation.

The primary source of frequency change in the crystal
other than mass deposition is the change produced by crystal
temperature change. The temperature coefficient for various
crystallographic cuts has been studied extensively and is gen-
erally known for the temperatures of interest (Figure 2).
Ideally, crystal cuts are chosen for a desired temperature
operating range with zero temperature coefficient. The
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cancellation of the temperature effect is greatly improved if
two crystals of the same cut are placed in the same téempera-
ture environment {one crystal shielded from mass flux) and the
beat frequency of the two crystals measured. In this way,
despite changes in the temperature coefficient with temperature
the beat frequency will be essentially unaffected. In practice,
exact cancellation is difficult to achieve over large temperature
variations: however, the several decade reduction in tempera-
ture induced frequency shifts obtainable with careful crystal
selection greatly improves mass measurement.

In this study two temperature ranges were of interest;
one at temperatures below 40°K and the other from 100 to
200°K.

The selection of crystals for the very low temperature
range, i.e., temperature less than 40°K, was based upon the
National Bureau of Standards study of crystals at low tempera-
ture (Reference 2). This NBS study used 5 MHz crystals;
however, the crystallographic cut should control the tempera-
ture coefficient and on the basis of the NBS data a cut of 40°28'
was chosen. The temperature coefficient is very nearly con-
stant from LN temperature down to liquid helium temperature
as shown in Figure 3. Unfortunately the NBS reference pre-
sents data just slightly in excess of LN temperature and in
this region most of the crystal cuts shown, including the
40°28' cut, exhibit radical slope changes and reversals in their
temperature coefficients.

This is not considered to be a limitation on the useful-
ness of the crystal since in applications requiring less than
409K temperature, wide temperature variations are rarely
encountered and simply means another crystal cut must be
chosen for other applications at higher temperatures.

One common class of earth orbiting satellite experi-
ences temperature excursions in the 100°K to 200°K tempera-
ture range. Therefore a crystal cut of 37°03' was chosen for
testing since this cut minimizes the overall temperature
induced frequency shift in this region as shown in Figure 3.

The crystals used were 1/4" in diameter with 0. 14"
diameter electrodes. Vacuum deposited aluminum was used
as the electrode material for all crystals in order to minimize
thermal irradiance induced effects.

In order to avoid mounting stresses caused by differ-
ential contraction during temperature changes, the crystals
were mounted on three stainless steel springs which also acted
as electrical leads.

Crystals at 10 MHz fundamental frequency were used
to obtain high sensitivity. Capacitance problems make long
leads at this frequency undesirable; therefore, a hybrid chip
with sensing crystal oscillator, reference crystal oscillator
and a frequency mixer was developed which could be located
immediately adjacent to the crystals. In this location,
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¢ver, the hybrid chip must dissipate a minimun aroun

:r for two reasons: first, the dissipated power muy -ai--
tne crystal temperature above the condensation tempera. ro .
the gas of interest; and secondly, an unacceptably high h¢ . ,0ad
may be imposed upon the refrigeration system. Low Leat dissi-
pation means, however, minimal hybrid chip temperature rise;
thus the transistors, etc., must operate at near liquid helium
temperature. One compensating factor is the fact that the Q of
the crystal increases as the temperature decreases, partially
offsetting the drop in output of other components. The hybrid
chip developed for this unit dissipates approximately 25 milli-
watts with 5 volt input voltage. Its performance over a wide
temperature range is reported later.

TEST PROGRAM

The complete QCM was mounted on a copper button at the
cryotip of an AIRCO Model I.T-3-110 Liquid Transfer Cryo-Tip
Refrigerator. The temperature at the base of the QCM as well
as the cryotip temperature was sensed by Chromel vs Gold-0. 07
at. % iron thermocouples and measured by a HP 419A micro-
voltmeter with LN reference junction. The QCM beat frequen-
cy output was measured by a HP 5245L frequency counter and
recorded on a HP 5050B printer. The beat frequency wave shape
was monitored continuously on a Tektronix 453 oscilloscope to
observe any erratic behavior.

The initial test was performed on a QCM with 37°03!
crystals, intended for the 100°K to 2009K region therefore
liquid nitrogen was used as the coolant. Test results are shown
in Figure 4, Run 1. The QCM was operated in the cooldown
phase at 5 volt input to the oscillators. The observed frequency
shift with temperature from 3000K to 809K of 206 Hz shows an
excellent crystal match since a single crystal frequency excur-
sion is 8400Hz in the same temperature range (Figure 3). The
effect of input voltage on hybrid chip operation was tested at LNz
temperature and indicated some frequency dependence on the
voltage. The QCM was operated during the warming cycle with
7 volt power until a temperature of 134°K was reached at which
time the voltage was dropped to 5 volts.

During the cooling cycle, a very small air leak was per-
mitted to deposit condensibles on the cryotip. These condensi-
bles did not affect QCM performance since the mount shielded
the crystals from direct impingement of the air until condensi-
bles could deposit on the colder cryotip. During the warming
cycle, however, the cryotip is purposely heated by an integral
resistance element resulting in tip temperatures higher than the
crystal temperature and the transfer of condensibles from the
cryotip to the QCM. As indicated in Figure 4, this process re-
sulted in a frequency change of 190, 530 Hz without noticeable
beat frequency wave shape distortion. Thus the small crystal
is capable of operation with a mass accumulation that results in
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a frequency shift of 2% of it's fundamental frequency. The first
of the mass accumulations shown in the data is probably CO2
and the second, HpO based on vapor pressure considerations
although gas specie identification measurements were not
taken.

The second test of the same QCM was performed with
liquid helium cooling. The QCM was operated at 12 volts
during cooling and during most of the warming cycle. The
test cell was maintained at a high vacuum and no mass accum-
ulation was noted during warmup.

The third test involved the crystals intended for very
low temperature operation with a crystal cut of 40928'. The
test data is shown in Figure 5. During cooling, 12 volt power
was supplied and 5 volts used throughout the warmup. Mass was
again allowed to accumulate on the crystal during warmup to
illustrate mass loading capability. Some frequency dependence
on voltage was shown by the crystals at low temperature as
indicated by differences in the 5 volt and 12 volt curves. How -
ever, below 20°K where these crystals will find their major
usefulness, there is very good agreement. A comparison of the
QCM two-crystal beat frequency variation with temperature
compared to the NBS single crystal data is shown on Figure 6.
The two crystals chosen at random for this experimental set
apparently have nearly identical temperature characteristics in
the 369K to 78°K range but exhibit some deviation from 36°K to
50K. From Figure 6, it is observed that the total temperature
induced frequency change from 78°K to 5°K is less than the
frequency change represented by a single monolayer of condensed
nitrogen. Therefore, this QCM can measure mass changes com-
parable to partial monolayer coverage with minimal concern for
temperature effects particularly if the QCM is held at a fixed
temperature, e.g. 109K.

CONCLUSIONS

Crystal mass sensitivity has been shown to be uninfluenced
by crystal size and crystal mass detectability increases with
decreasing electrode size. The mass accumulation range on
the small crystals used in this program is in excess of 2% of
the fundamental frequency which is equivalent to accumulations
on crystals with twice the diameter.

The crystal cuts chosen for the two temperature ranges
of interest performed as expected with excellent temperature
coefficient cancellation down to 5°K.

The miniature cryogenic QCM thus has attributes which
should result in partial monolayer measurement at liquid
helium temperatures.

362




ACKNOWLEDGMENTS

Mr. D. Bergquist assisted in performing the experi-
ments and his dedicated efforts are gratefully acknowledged.

REFERENCES
1. Experimental Investigations of Solid Nitrogen
Formed by Cryopumping - K. W. Rogers
NASA CR-553
2. Investigation of Stability of Quartz Resonators
at Low Temperatures - F. P. Phelps, R. D.

Goodwin, and A. H. Morgan. National Bureau
of Standards Report 5021

363

522-137 0 - 73 - 25



Figure 1—Miniature, Cryogenic QCM
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Figure 2—Temperature of Zero Temperature Coefficient of Frequency vs ¢
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366




